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AboLRACT 


An analysis is made of the phenomena at the electrodes of 2 
high-current short-time arc. It is shown that the input power density 
to the anode spot is in the range 5 x 10* to 1 x 108 watts/em?. Toa 
first-order approximation, all this power can be carried off by 
evaporation. Power conducted into the metal and lost by radiation is 
negligible in the probable operating range. For most materials, the 
anode spot is probably considerably above the boiling temperature. 
The process of evaporation holds the spot temperature constant at a 
value such that the input power and evaporation power are equal. 
Fixperimental data indicate that for any given metal the anode Spot 
temperature is that for which the evaporation power density is at 
least 3 x 10° watts/em*. As anexample, for copper the theoretical 
limits of temperature are 2490° to 3040°K, while experimental data 
indicate a temperature of 2920°K. Other metals considered are: 
me, Al, C, Fe, Mo, Re, Sn, Ti, W, Zn, and Zr: It is also shown 
that for the maximum power input that can be expected at the cathode 
the thermionic emission current density is very small compared to 
the observed values of current density. The results are equally 
applicable to atmospheric pressure arcs and arcs in vacuum. 
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ANALYSIS OF ELECTRODE PHENOMENA IN THE 
HIGH-CURRENT ARC 


J.D. Cobine and E.E. Burger 


INTRODUCTION 


‘This report was first prepared as a Memo Report, P-18, 
and was later published in part in the Journal of Applied Physics. (1) 
Since then the authors have expanded the original material and the 
results have been found ofvalue for both are interruption studies and 
for phenomena associated with shock waves. In view of the application 
of details which have not been published, it was felt desirable to 
issue the material as a Research Laboratory report. 


The phenomena at the anode of an arc are probably relatively 
Simple compared to those at the cathode. There is, however, little 
in the way of quantitative information that can be readily applied to 
a wide range of anode materials. ‘This is especially true for arcs 
at high eurrent-and- short duration, i.e., thousands of amperes and 
of the order of 1/120 sec (one-half cycle of 60 cps).. In the past it 
has been rather common to find statements in the literature that the 
anode is, or probably is, at the boiling point of the material. 
Llewellyn Jones(4) approached the problem of energy balance for 
sparks by equating circuit stored energy to losses from the electrodes 
by radiation, conduction, and evaporation. In other studies it is 
assumed that the anode spot is at the boiling point, and analysis is 
directed towards expressions representative of the anode drop 
distribution. ‘l'wo approaches of this sort have been presented by 
Finkelnburg. (8) A related phenomenon is a jet of electrode material 
emerging from the anode. Finkelnburg(4) has explained these jets 
for sparks on mercury surface and from the anode of the high-current 
(several hundred amperes) carbon arc as the vaporization produced by 
the conversion of the energy of the electrons arriving at the anode. 
The assumptions are tacitly made that the entire energy input to the 
anode spot is Je (Va +), where Je is current density of the electron 
current to the anode, Vg is the anode drop, and ¢ is the work function 
of the anode surface, and that the energy thus received is all expended 
in evaporation of metal from the anode surface. 
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The analysis presented in the present report is aimed at an 
extension of this approach. It is proposed to evaluate the relative 
importance of various physical processes occurring at the electrodes 
of high-current arcs by examining the probable results of each process 
acting alone. ‘This will involve some idealizing, and the reasonableness 
of the assumptions may be appraised by examining their consequences, Since 
this analysis was originally presented in condensed form(5) additional 
data from several sources have been examined and found to substantiate 
the conclusions. It will be shown that for a considerable number of 
metals the temperature of the anode spot and the erosion loss can be 
estimated. 


HNERGY INPUT 


In the following analysis the conditions of a low-pressure arc 
characterized by diffuse plasma and a relatively low anode current 
density, are excluded. The direct electrical power input to the anode 
Surface is equal to the current times the sum of the anode drop and the 
work function of the surface, the latter term being the heat of 
condensation of the electrons. It will be convenient to express all 
Quantities on the basis of a unit area of 1 cm”. Thus the electrical 
power input density is | 


; (1) 


where Jag is the anode spot current densit 
VY, Va is the anode dro 
@ is the work function of the surface. i Pr Bae 


Pe = da (Va +¢) watts/cm” 


In addition, the anode spot receives thermal and radiant 
energy from the column immediately in front of it. Part of the thermal 
energy is carried by the electrons and can be added to the potential 
component of Eq. (1) as Vp. The power delivered to the anode spot 
by conversion of the kinetic energy of neutral atoms Pr, and that due 
to radiant energy from the column Pr, will be taken with Pz, to 
represent the entire energy received by the anode: : 


Pa = Ja (Va + © + Vp) +Pm+ Pr watts/em? . (2) 


This omits energy received from excited atoms and from the arrival 


of negative ions, bot oe nN 
piece. , both probably negligible, and resistance heating in 
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The only factor in Eq. (2) known with certainty is the work 
functions. For our purposes it may be taken as 4.5 volts for most 
metals. The anode drop could be zero, (6) might be the least resonance 
potential of the vapor (1.4 for copper), or as high as the ionization 
potential (7.68 for copper). For the purpose of analysis, the probable 
upper limit of Va will be taken as 7.5 volts, which is reasonably close 
to the value of the ionization potential of the common metals. 


Measured values of anode current density have a considerable 
range and depend on the anode material. Disregarding early low 
values, the minimum probable value(’) appears to be 8000 amp/ em? 
at 100 amperes on steel. Very short-time arcs (less than 100 wsec) 
to a tin anode indicated(® 10,000 amp/cm* at 80 amperes. Wehave 
found a value of 80,000 amp/cm? for a tungsten-copper anode at 43800 
amp lasting 1/100 sec. C.J. Gallagher of this Laboratory has 
observed anode current densities of at least 50,000 amp/cm®* for 
10{=amp arcs on.copper. Sparks J) of current from 6000 to 18, 000 amperes 
have apparent current densities in the range 60, 000 to 120, 000 amp/em?*. 
Recently anode current densities at 100 amperes have been reported 
for a series of metals. The lowest values were for nickel with a range 
of from 10, 000-16, 000 amp/cm? and the highest for molybdenum, 
for which it is 51, 000-110, O00 amp/cm* . In general, it is probable 
that the true anode spot current density is greater than the values 
obtained by measuring the area of the trace left by the arc. This is to 
be expected because of rapid fluctuations that can possibly take place 
as they do for the cathode spot. (11) For the purposes of our analysis 
the limits of the anode spot current density will be taken as 8000 and 
HO, 000 ampyem=. 


The uncertainty involved in the thermal energies of the electrons 
is not too great. If the commonly accepted gas temperature. of 
about 6000°K for column of the low-current arc is used, the thermal 
energy of the electrons in equilibrium with the gas is 0.8 electron volt. 
However, since it is not firmly established that the electrons are in 
equilibrium with the gas, the minimum value of Vp will be taken as 
1 electron volt, corresponding to an electron temperature of 77/ BO 
Data are rather limited for high-current short-time arcs. For these 
arcs, gas temperatures of the order of 12, 000°K have been found 
for carbon arcs at 250 amperes, and of nearly 16, 000°K for 1000 ampere 
arcs at 4 atmospheres pressure. (14) We shall assume a probable 
upper limit for the thermal energy of the electrons as 4 volts, 
corresponding to 15, 460°K. 


The radiant energy from the portion of the column facing the 
anode spot may be estimated by assuming the column to radiate as a 
blackbody. In view of the uncertainty, the blackbody values calculated 
for 6000" and 15, 000°K will be used, recognizing that they may be 
Mmighepe@csioly by a factor of 2 to-10. 


Lhe kinetic energy conversion from neutral atom impacts on 
the surface may be estimated by assuming that not more than one-half 
and probably less, of an atom's kinetic energy will be transferred 
to atoms on the anode surface. At 6000°K the maximum value of this 
energy is 0.13 x 10* if the atoms are copper. At 15, OOO°K the gas 

or vapor is nearly completely ionized so the energy transferred by 
neutral atom impacts may be neglected. The surface Surrounding 
the anode spot area will also receive energy by radiation and thermal 
energy transfer from the column. However, because of the slowness 
of heat conduction through solids, this cannot affect the Spot in the 
Short time we are considering. 


| The probable limits of the various factors are summarized 

in Table I. These may be considered reasonable values in view of our 
present knowledge of the very complicated phenomena at the arc spot. 
In Summing up the power input it is assumed that all minima occur 
together and all maxima occur together, which provides conservative 
estimates. The lower limit of total input power Pg is about 5 x 104 
watts/cm and the upper limit probably about 10° watts/cm2. mine. 
the input power density to the anode Spot involves a little more than 

an order of magnitude uncertainty. It is evident that the power density 
is very large, regardless of which limit is taken. 


POWER LOSS FROM ANODE SPOT 


The energy input to the anode Spot must be balanced at that 
Surface primarily by the energy loss by evaporation and by radiation 
outward from the surface and heat conduction into the metal. The 
magnitude of each of these components will be determined as functions 
of Surface temperature for a number of Meals, tOr Wate some 
experimental arc data are available. The rate of evaporation W is 
Plotted in Fig. 1 for a number of metals and a rather wide range of 
temperatures by means of the evaporation equation and data found in 
Dushman's treatise. (15) The evaporation constants used were for 
the liquid, where available. Since the magnitudes of power density 
Involved are very high. it is necessary to extend the use of these 
constants beyond the point where they are entirely reliable. However, 
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Bnergy Received by Anode Spot 


Minima Maxima Units 

Jo (anode current density) 8000 50, O00 Amp/cm?2 
V, (anode drop) O La Volts 

@ (work function) 4.5 4.5. Volts 

T (column temperature) 6000 15, OOO HK 

Vr (electron thermal energy) iL 2 Volts 

Pe = Jz (Vg + + Ve) 4.4 x 10%\\7 x 10° | Watte/femae 
Pry (neutral atom energy) OVS. x \10# O Watts/em* 
Py (radiant energy density) 0075 x 107 3x 107 Watts/cem? 
Pa =Pe + Py + Py ‘bs 28 ee TOs 106 Watts/cem 2 


the uncertainties in these data are much less than those involved in 
the power input estimates so the procedure is justified. The power 
represented by the evaporation of metal at the various temperatures 
is obtained by multiplying the rate of vaporization by the latent heat 
of vaporization. (16) This involves errors, mostly less than 10 per 
cent because of the different heat content at temperatures other 
than the boiling point and because of the variation in specific heat 
with temperature. The latter factor is not well known at the higher 
temperatures. ‘The power represented by vaporization is plotted 
in Fig. a, and marked by the metal symbol. The upper and lower 
limits of input power are indicated in Fig. 2 by horizontal dashed 
lines at 5.28 x10" end 1.108 watts/cm“. 


| The radiation power loss is plotted in Fig. 2 on the assumption 
that the spot is a blackbody radiator. This assumption gives too 
high a value for radiation loss since the emissivity will certainly be 
less than one and probably about 0.3. It is evident from an 
inspection ‘of the curves of Fig. 2 that the power loss from the surface 
by radiation even at elevated temperature is far less than the 
evaporation loss, and may be neglected. 
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erial may exceed atmospheric 
g point is exceeded. This is true 
of the 14 materials listed in 


Material 
This. ds not as unexpected as it at first appears, because — 
the power is delivered directly to the evaporating surface and ebullition "heal 
iS not a limiting factor, The high rate of evaporation of vapor that is 
probable shows that short arcs at heavy current must occur in an Ag 
atmosphere of nearly pure meta] vapor. ‘hus all the ambient medium, 
whether gas or liquid, would be completely swept away by the vapor Cy 
blast. In high-current Switches, the meta] vapors are expelled with 
explosive violence, which. SUSEeStS very high local pressures at the Al 
point of origin. For the retractory materials, C, Mo, Re, and W, 
the minimum probable spot temperature, as indicated by the intersections Ni 
of the evaporation Curves and the minimum power input line, cleugaz 
are of the same order as the column temperatures that have been Fe 
measured for the low current are Lhis would Suggest that for 
these materials no anode drop is hecessary. The reaction of evaporating Sal 
metal will tend to depress the surface somewhat as q mercury surface 
1S depressed at a cathode Spot on its surface. Such a depression TH 
would help to collimate the cvaporating atoms and produce jets such 
aS have been observed. (8, The origin of the vapor jet should play Zr 
an important part in Causing the constriction that occurs in the column 
at each electrode. This iS because the high density of atoms of C 
relatively low lonization potential would favor the development of a 
higher temperature plasma than occurs in the column. Since the vapor Mo 
density at the anode during arcing is of the order of one atmosphere, 
even in vacuum, the presence of an ambient gas at one atmosphere pressure Ta, 
Can have little consequence in many short arcs These ares would 
burn entirely in their meta] vapor with the ambient gas Swept away by Re 
the expanding vapor. 
It seems probable that the cnergy input to the anode spot is — a 
largely balanced b | 
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TABLE UU 


Arc Anode ‘Temperatures and Evaporation 


Anode Spot Temperatures (*K) 


lmigenaae 
Experimental 

Maxima Data 
1630 1580* 
2980 2880* 
3040 292.0 
3390 3270 
3650 a 
3760 3750* 
5760 5930* 
5040 5050* 
5500 =< 
5330 4780 
6810 6580 
7160 -- 
(8300) 


7470 


*High because droplet loss is included. 


Hivaporation Rate 
of Vapor 
rams/ Cm =/'Sec 


Minima 


Maxima 
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The linear heat flow equation (18) Will be used in the calculation for 
copper to determine an approximate upper limit for penetration of 


heat in the time under consideration. The linear heat flow equation 
ee (US : 
USE 


The use of this equation for the flow of energy into a metal from an 
anode spot is justified, as it will be Shown that the depth of penetra- 
tion of heat in the time of 1/120 sec is relatively small compared to 
the diameter of the spot. The calculated temperature distributions for 
possible surface temperature of 4000", 3500°, 3000°, 20007, and 
2000°K are shown in Fig. 3 for an elapsed time of 1/120 sec. 
constant surface temperature of 3000°K, i.e., the probable spot 
temperature, the temperature is above the melting point for a distance 
of only 0.115 em. The minimum diameter of spot for a O000-ampere 
arc would be 0.36 em (50, 000 amp/cm?) which is roughly three times 
the melted depth. Thus for currents of this magnitude or greater, the 
assumption of linear heat flow is justified for time of the order of a 
half-cycle. The heat of fusion is neglected in the equation, as is the 
change in the heat conductivity with temperature, so that the actual 
depth of penetration of melting will be less than that indicated by the 
curves. The slow rate of heat flow shown here justifies the neglect 
of heat received from the column by metal outside the active area. 


In a steady-state arc, however, this source of heat may become quite 
large. (19) 


ture surfaces for tungsten, molybdenum and iron. 
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Fig. 4 hineae heat flow from constant tempera-_. 
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The temperature distribution with depth is shown in Figs. 4 


and ofor Fe, Mo, W, andC. Two curvesare shown for each metal, 
one for the surface temperature corresponding to the minimum power 
Input and the other for the maximum power input. In each of these 
figures the curve for co 


Dper with a surface temperature of 3000°K is 
Shown dotted for reference. 
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Fig. 5 Li 
g Linear heat flow from constant temperature surface for carbon 


Distribution after 1/120 sec. 


The total heat stored in the metal down to 300°K, as well as 

the heat stored in metal above the melting point, both obtained by 
integrating the temperature-distance curves of Figs. 3, 4, and 5, are 
presented as curves A and B, respectively, in Fig. 6 as a function of 
surface temperature for copper, iron, carbon, molybdenum, and 
tungsten. An idea of the order of magnitude of the error in neglecting 
the heat of fusion can be obtained by assuming the depth of melting | 
to be correct and calculating the heat represented by the fusion of this 
much material. This gives energy values roughly an order of magnitude 
below the curves marked A. The curves A and B are to be compared 
with the probable range of input energy from 478 to 8340 watt-sec/cm+? 
for 1/120 sec as shown by horizontal dashed lines. Above about 2700°K 
evaporation is by far the largest factor in absorbing input energy for 
copper. Below about 2200°K evaporation is less than 10 per cent of 

the thermal energy stored in the metal and may be neglected. 


Figure 6 permits a reassessment to be made of the value 

first indicated as the probable lower limit of input power density. For 
all temperatures above the melting point of copper, curve A represents 
the lower limit of input energy if these temperatures are to be attained. 
Thus, if melting is observed at the anode spot, which is usually true, 
then the input energy for 1/120 sec must be at least 500 watt-sec/cm2, 
i.e., the value of the total stored energy at the melting point. This 
corresponds to a power density of 60, 000 watts/em*. This value is only 
Slightly higher than the value suggested as a probable lower limit, 
namely, 52,800; thus the original estimate of minimum power density 
appears quite reasonable. The same argument agrees with iron which 
requires less energy at its boiling point than the proposed lower limit. 
In this case also, melting is always observed. The case for molybdenum 
and tungsten is not clear since extrapolation of the curves would not be 
justified. It is possible, however, that no melting be observed at low 
currents. Certainly, electrodes of these materials last a long time 

at low currents and often give little or no evidence of melting. 


| The low heat conductivity of carbon results in evaporation being 
by far the most important factor in the energy balance at the suriace. 
On the other hand, for tungsten and molybdenum the heat conducted 
into the metal in one-half cycle is comparable with that carried off 


This shows that the surface temperature will be 


by evaporation. 
The large amount 


somewhat lower than indicated by evaporation alone. 
of heat absorbed by these refractory materials indicates that a high 
rate of vaporization will continue for a relatively long time after the 
current is stopped. This will have a deleterious effect In a vacuum 
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The large amount of thermal energy given 
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| | Or" E: 
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= | switch at high currents. 
ome to the anode of the refractory materials and their high operating 
| BR | temperature will result in a high thermionic emission from the 
| eis surface when the polarity reverses. This can produce serious 
| F | 8 ° Sg interruption difficulties at high currents. 
be I 
| 5. [ m O -' The initial rate of absorption of heat by a body is quite high. 
| | me For a spot temperature of 3000 °K and copper at 300°K, the rate of 
5 “ s heat flowinto the surface iss18) 5520// Kwatts/cm*.. At the end of 
be | | = Og the first psec this rate is 5.5 x 108 watts/em* which is 5.5 times 
% | | a 8 oa the estimated maximum rate of input at the anode. ‘This shows that | 
TI rs oe for arcs of the order of a microsecond or less duration melting | 
| es 4 S and evaporation may be absent, as has been observed. 
| 3 4 The time distributions of temperature for four distances 
os oe from the surface at the constant temperatures 2500°, 3000°, and 3500°K 
| > oa. Sas are shown in Figs. 7, 8, and9. These figures show the relatively. 
| i pes aS8 slow initial rate of penetration of heat, whereas Fig. 3 shows the 
| ° fuss ae | a S bs distribution at the end of 1/2-cycle. 
| au 5 4 ¢ £ © : 
3 s i rs 5 5 In the above analysis, it is tacitly assumed that the molten 
Z : : Pe i Shen: metal is undisturbed. If it is stirred heat might be transferred faster 
a 3 ce a ; than by simple conduction. Convective motion of the liquid metal is | i 
| a wae too slow to be a factor since the maximum distance traveled by a | 
| = S i particle under gravitation acceleration in 1/120 sec,, neglecting || a 
vers viscosity, is only 0.0839 cm, whereas the depth of melting is about | 
eS 0.12 em. It is evident that convective motion in the presence of ig 
| We 8 S viscosity in the melted liquid will be very slow and may be neglected. Gg 
> KS “ae | 
| K ime me i COOLING PHENOMENA AFTER ZERO CURRENT 
= Ov let 
| 2 & 5 ct An estimation of the amount of heat that can flow out of the K 
= oO = solid to maintain evaporation after the arc current has become zero S 
in 9 Skee is of considerable interest. A fairly good estimate of the cooling ' 
| a ee S i phenomena at the electrode can be made by applying the linear heat Ee 
| ‘sg “ S flow equation for a solid initially at a uniform temperature To, FE 
! | Bia F 
‘ ay v a T = To? &n) (4) |i 
" | ae i 
" : “oO : 76 : 8 : fs bo T is the temperature at any point (x,t). The surface at x= Oris _ 
297988 - LLYM- ,OygNa = o- cy 6 suddenly depressed to a temperature of zero degrees Kelvin, 1.¢., | @ 
(80 er . an infinite sink att = 0. This will give an idea of the maximum rate i 
Fy % at which energy can flow out of the heated solid. In our case we would 
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Fig. 9 Linear heat flow from constant temperature surface for 
copper: with Ta = s500-K. 


expect this energy to be dissipated by evaporation, rapidly at first and 
then more slowly. The results of these calculations are Shown in 
Figs. 10, 11, and 12. These curves show that the rate at which heat 
flows out is so low that only a depth of about 0.00264 cm contributes 
much heat to the surface on the first 10 microseconds. Since power 
system voltage recovery rates are of the order of from | to 5 kv/w8s, 
the rate of residual evaporation must decrease very rapidly if 


reignition of the arc is to be avoided. 


In order to estimate the minimum gas density capable of 
sustaining an arc, we may refer to phenomena occurring in a large 
mercury arc rectifier. It is known that in this case an arc cannot 
be sustained at a vapor pressure less than about 2 microns or a density 
of 2.65 x 107§ of that at STP. In order to determine the temperature 
to which the surface must cool if an arc is not to reignite, some of 
the equilibrium properties of copper vapor are given in Fig. 13% 

In this figure W is the rate of evaporation, ny is the equivalent number 
of atoms crossing an area of 1 cm? in one second, T is the temperature 
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Fig. 12 Linear cooling of solid copper at 3500°K with surface at 
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The critical density 1S indicated in Fig. 13 by an arrow at 1450°K 
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1500°K (a pessimistic vapor density limit) is 


AQ = AT pcv : 
= 1500 x 8.94 x 0.091 x 0. 00264 cal/cm? (5) 


= 18.45 watt/sec/cm* 


The amount of metal that must be evaporated to carry off this energy 


is 
13. 45 
4779 


= 0.282 x 107° gram/cm? (6) 


AW = 


This would represent an erosion of 


Nese eae GI ye ORE oe ee (7) 
8.94 


or 0.119 of the melted depth. 


For this amount of copper to be evaporated in 10 US the 
average rate of evaporation would have to be 


~3 
Wes Pa CTeae SOs =.282 gram/cm“sec.., (8) 
| -10-5 
This is the rate of evaporation for copperat 21707K,. ive:,omoresthan 
the initial temperature. Thus for a Stationary anode spot more time 
than 10 ws would be required to cool the surface below 15O008K, since 
the rate of evaporation would decrease as the temperature decreased. 


| It is evident that in the development of a vacuum switch for 
high currents careful consideration must be given to the problems of 
(1) initiating the arc near the outer edges of the contacts to prevent 
concentration of vapor, and (2) causing the footpoints to move rapidly 
over the surface so that evaporation after the zero of current will 
bea minimum. The rapid motion of the arc footpoints will result in 
a much thinner layer of metal that is heated to a high temperature. 
This thinner layer can give up its heat, both to the inner metal, and 
to the vacuum by evaporation, in a much shorter time. Therefore the 
residual evaporation will be minimized and the recovery strength increased. 
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Where m is th 


make 


for one half-c 


Initially separated by 1/382 


be assumed to have an average value of 30, 000 amp/ em”. The data 


obtained are plotted in Fig. 2 as the circled X's. The experimental 
points lie within, or very near, the probable limits obtained from 

the analysis. Most of the points are rather close to the upper power 
limit. It is most unlikely that all the erosion is by evaporation 

for the common metals. Some material is certainly removed by the 
explosion of gas. pockets\42 and some is Spattered by the violent 
Motion of the arc footpoints. This would account for the lower values 
obtained for carbon and tungsten, and the especially high value for 
aluminum. Preliminary data* aimed at separating vaporization loss 
from material lost in a.spray of droplets, dripping, etc., indicate- 
that this is true. Tentative vapor loss points are shown in Bie. 2 

by the horizontal arrows for copper, aluminum and tungsten. Anode 
spot temperatures derived by assuming that all the loss is by 
evaporation are Summarized in Table IT for the various metals. It 
Should be noted that all these temperatures except that for C correspond 
to evaporation with power densities above 3 x 10° watts/em* (see 

Fig. 2). Under steady-state conditions Spattering and dripping can be 
expected to be very large, as itis in welding. For the short-time 
arcs involved in circuit breakers, dripping at least is small. 


CATHODE PHENOMENA 


It 1S not the purpose of this report to examine cathode phenomena 
In detail. However, some interesting observations appear when the 
evaporation power is compared with phenomena at the cathode. The 
cathode mechanism of arcs is very uncertain, but it is possible to 
Set reasonable limits on the energy received by the cathode spot or 
spots. ‘The principal power density received by the active area of the 
cathode is that of the positive ions falling through the cathode drop. 
The cathode spot will lose energy mostly by evaporating electrons, and 
by evaporating atoms, the latter often erroneously neglected.T Thus, 
for moderately short-time phenomena, at least, we can write 


JoVe 7 Jag + Pp 3 . | | (10) 


where J p 18 the positive ion current density of the cathode, Ve the. 
cathode drop, Je the cathode spot current density, ® is the work 
function of the metal, and P is the power evaporated at the operating 
temperatures and is given by the curves of Fig. 2. The ratio Jin/ Je 
has not been determined. It is possible, as has been proposed, (23) 


*Courtesy of W.R.° Wilson, 
~TtFor example, L.B. Loeb, Fundamental Processes of Electrical Discharge 


in Gases, John Wiley and Sons (1939), p. 631. 
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CONCLUSIONS 


1. The Surface d 
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4. For high-current short-duration arcs, evaporation of metal 


vapor can account for the major portion of the power input to the 
anode. Power loss by radiation is negligible in all cases. Heat 
conduction within the electrode is very much smaller than the 

evaporation power loss except for the most refractory materials 


where the two are roughly equal. 

3. The anode spot temperature is above the boiling point for 
most materials. As a consequence, the vaporization rate is high 
and very high vapor pressures may occur at the anode surface. 

The expanding high-density vapor will sweep any ambient gas or 
liquid medium out of the arcing zone, and the arc will burn in 
pure metal vapor. 

4, ‘Thermionic emission from nonrefractory materials appears 


| unlmportant as a cathode spot mechanism. 
Oo. For a vacuum switch to clear at the heaviest currents 


and highest recovery voltages, the arc must be started near the 
edges of the contacts and kept in motion to minimize residual | 


evaporation. 


_ 6. Materials having lowest anode current density and limited 
evaporation with negligible thermionic emission should be sought. 
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An analysis is made of the phenomena at the 
electrodes of a high-current short-time arc. It is Shown 
that the input power density to the anode spot is in the 
range 9X 10* to x 10° watts/em?. To a first-order 
approximation, all this power can be carried off by 
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evaporation. Power conducted into the metal and lost by 
radiation is negligible in the probable operating range. 

For most materials, the anode spot is probably consider- 
ably above the boiling temperature. The process of 
evaporation holds the spot temperature constant at a value 
such that the input power and evaporation power are equal. 
Experimental data indicate that for any given metal the 
anode spot temperature is that for which the evaporation 
power density is at least 3x 10° watits/cm*.. AS an 
example, for copper the theoretical limits of temperature 
Jare 2490° to 3040°K, while experimental data indicate a 
temperature of 2920°K.. Other metals considered are: Ag, 
Ai C ie Mo, Re, Su, Ti, W, Zn, and “Zr. iis aise 
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